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Abstract
Secondary metabolites are organic compounds produced by plants that are not essential in
growth, development, or reproduction. While they are not strictly necessary to complete the plant
life cycle, secondary metabolites play key roles in functions like defense against herbivory and
the moderation of symbiotic relationships. Terpenes are a major class of secondary metabolites
present in all plants, and this class is hypothesized to have diversified in response to specific
plant-herbivore interactions. These complex interactions are further complicated by changes in
abiotic conditions experienced seasonally. Herbivory is a major biotic interaction that plays out
across broad temporal and spatial scales that vary dramatically in temperature regimes, both due
to climate variation across geographic locations as well as the effect of seasonality. In addition,
there is an emerging understanding that global climate change will continue to alter the
temperature regimes of nearly every habitat on Earth over the coming centuries. Regardless of
source, variation in temperature may influence herbivory, in particular via changes in the
efficacy and impacts of plant defensive chemistry. This study aims to characterize temperaturedriven variation in the toxicological effects of several structural classes of terpenes in the model
herbivore Vanessa cardui, the painted lady butterfly. We observed an increase in terpene toxicity
at higher temperatures and an increase in development time as terpene concentration increased.
Results obtained from this study yield insights into possible causes of seasonal variation in plant
terpene production as well as inform effects of rising global temperatures on plant-insect
interactions.
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Introduction
To deter herbivory, plants possess sophisticated and diverse arsenals of chemical defenses
composed of secondary metabolites. Plant secondary metabolites are ubiquitous in the plant
kingdom and have a diversity of ecological roles such as mediating symbiotic interactions and
plant-plant signaling, direct defense against herbivores and pathogens, and providing protection
against abiotic stressors such as frost and drought (Dixon & Paiva, 1995). Chemical defenses can
be produced constitutively or induced upon attack to directly and indirectly thwart herbivorous
attacks through exertion of toxic effects and attraction of the herbivore’s natural predators (Howe
& Jander, 2008).
One major class of secondary metabolites are the terpenes, which have exceptional
abundance and diversity in flowering plants. The majority of the diversity in terpenoids is
lineage specific - of the 25,000 terpenes reported, only about 100 are present across all plant
species (Tissier et al. 2014). An explanation for the abundance of lineage specific compounds is
the evolutionary arms race proposed by Ehrlich and Raven (1964) in which existing molecules
are modified to create novel compounds unexperienced by herbivores. The best-established
function for terpenes is defense against biological enemies through direct and indirect defense
but assigning specific roles is difficult because multiple terpenes often expressed at once in
volatile bouquets (Pichersky & Raguso, 2016). For those with roles as chemical defenses against
herbivores, terpenes have been shown to have direct toxic effects, both reducing rates of survival
to reproduction as well as slowing larval growth rate (Kumbasil & Bauce, 2013).
Plants and herbivores have an extensive history of coevolution. They have evolved to
have synergistically-timed life events, such as insect emergence being timed with leaf-out
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phenology, but global climate change is complicating these sensitive dynamics by altering the
geographical ranges, population dynamics and phenologies of many organisms (Bale et al.
2002). Historically coordinated plant-insect interactions are becoming mismatched as increasing
global temperatures accelerate phenology and alter plant and insect physiology (Delucia 2012).
Examples of these coordinated life events include pollinators arriving when flowers are
blooming, or feeding larvae, such as caterpillars, entering diapause just as their host plant
senesces. Rising global temperatures and atmospheric CO2 threaten the often-synchronized
relationships between plants and insects by altering leaf chemistry and advancing phenology
(Garibaldi et al. 2011). Plants and insects have been mutually constrained by their ecological and
evolutionary relationships but the perturbation imposed by global climate change has increased
selection pressure for asynchrony and has caused an increasing number of plant-insect
interactions to become ecologically mismatched (Wolkovich et al., 2012).
For ectotherms, increased ambient temperatures have direct consequences for behavioral
patterns, metabolism and growth, and developmental rates. For herbivorous insects in particular,
an increase in temperature can have dramatic effects on development rates, reproductive
potential, overwintering survival, and the number of generations occurring within a season
(Ayres and Lombardero, 2000). Consequently, for many insect species in biomes outside the
tropics, recent warming has resulted in active seasons with both an earlier beginning and
prolonged duration (Stoeckli et al. 2012). The number of insect generations per year (voltinism)
is an important factor ecologically and evolutionarily since additional generations can accelerate
population growth or the rate of adaptation (Altermatt 2010). As global temperatures rise,
instances of increased voltinism have already been observed in herbivorous insects which was
displayed in a study of 263 multivoltine central European lepidopteran species, 190 of which
2

displayed an increased frequency of second and subsequent generations since 1980, and a quarter
of which displayed constant increases in the number of generations over time (Altermatt 2010).
This suggests insect herbivores are present for a longer portion of the year, and have more
generations per year, indicating the potential for increases in insect populations and thus the
length and degree of herbivory pressure on plant populations (Marini et al. 2017). Multiple
generations of herbivores can inflict unprecedented levels of damage over the course of a single
season, particularly on long-lived plants (Porter et al. 1991).
Increased herbivore voltinism not only poses a substantial threat to biodiversity but has
broad implications for agricultural losses from pests. In the case of the rice leaffolder
(Cnaphalocrosis medinalis), warmer temperatures have been associated with increased outbreaks
which reduces yield potential and increases management costs (Ali et al., 2019). Recurring
herbivore attacks, multiple per season, are likely to become more frequent in the future due to
temperature-associated developmental acceleration and increases in voltinism.
The suitability of plant tissues as food for herbivorous insects is also modulated by global
change and is predicted to increase future herbivory. The direct effect of elevated temperature
will often stimulate herbivory, but elevated temperature are also expected to modulate herbivory
through changes in leaf chemistry thus plant nutritional quality (Zvereva and Kozlov, 2006). The
suitability of plant tissue as food for insects decreases under conditions of elevated CO 2 in which
plant tissues will usually express increased relative concentrations of leaf carbohydrates relative
to nitrogen-rich protein. When elevated CO2 is combined with elevated temperature, leaf nitrogen
concentration is also decreased, resulting in lower availability of the primary nutritional
element limiting insect growth and development (Zvereva and Kozlov, 2006). This is because
Rubisco, the primary enzyme performing carbon capture in in C3 plants, operates below peak
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efficiency due to a high rate of photorespiration at current ambient CO2 levels (Sage, 2004).
Because rising CO2 increases the efficiency of Rubisco, the rate of photosynthesis and biomass
accumulation have been shown to increase with rising CO2 (Ainsworth & Rogers, 2007).
Consequently, leaf nitrogen is less available either by dilution with increasing carbohydrates, or
from reallocation from existing leaves to new growth (Stiling and Cornelissen, 2007; Robinson
et al., 2012). Together these changes lower net leaf nutritional value, necessitating herbivorous
insects to consume more foliar biomass to meet minimum nutritional needs. Insects consuming
foliage grown under elevated CO2 and temperature have been shown to consume more foliage
and yet still have lower pupal and adult mass (Robinson et al., 2012). This increased
consumption of low-quality food to overcome nutrient limitations is referred to as
“compensatory feeding” and may lead to greater herbivore damage in both managed and natural
ecosystems as CO2 levels and temperatures continue to increase (Cornelissen, 2011).
Whereas the effects of global change on plant primary metabolism are reasonably well
understood, secondary metabolite variation is largely species-specific and difficult to predict.
Several studies report contrasting findings to the up or down regulation of secondary metabolites
even in response to elevated CO2 within the same species. For example, some studies report
increased production of monoterpenes in the Douglas Fir (Litvak 2002), while others report
decreased production (Snow 2003). Elevated temperature has been shown to increases the
production of volatile compounds, especially terpenes, which are emitted by plants to aid in plant
defense, pollination, and communication (Arimura et al., 2009). Elevated emission is in part a
physical process due to the increases in the vapor pressure of volatile compounds at higher
temperatures. However, volatile emission often increases more than can be explained by vapor
pressure changes, suggesting a higher rate of biosynthesis at elevated temperatures (Holopainen
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2010). Many volatile compounds rise to high concentrations (induced) in response to herbivory,
so combine abiotic and biotic may lead to even more volatile emissions. In maize, the
combination of lepidopteran herbivory and high temperature resulted in greater volatile emission
than when either stress was applied individually (Gouinguené and Turlings 2002).
As rising global temperatures increase the rate of development of insect herbivores, plant
secondary metabolites directly counter this effect by inducing developmental delays and even
mortality. This may be further complicated if the efficacy of chemical defenses against insect
herbivores is altered by temperature, for instance due to temperature effects on insect
metabolism. Understanding how the efficacy of plant chemical defenses changes with ambient
temperature is therefore vital to making informed predictions about plant-insect interactions
under climate change, including the critical process of herbivory through which the majority of
primary productivity in terrestrial ecosystems enters food webs.
To test this hypothesis, I will use a model insect herbivore – the painted lady butterfly
Vanessa cardui (Lepidoptera: Nymphalidae). This is one of the most widely distributed
butterflies in the world, absent from only South America and Antarctica. The life cycle duration
ranges from 21 days to multiple months, driven by its near-cosmopolitan distribution, migratory
behavior, and breadth of diet. Vanessa cardui is highly polyphagous (Celorio-Mancera et al.
20018), and a serious pest of corn, alfalfa, sunflowers, beans and soybeans (Williams, 1970).
This species is also known for large fluctuations in population size over time (Kelly, 1999).
The following questions were asked in order to understand the effect of temperature on the
efficacy of common terpenes involved in the defense against a model generalist herbivore:
1. How does temperature affect the toxicity of terpenes?
2. How do temperature and dietary terpene concentration affect the developmental rates
5

of Vanessa cardui?
3. How do temperature and dietary terpene concentration affect adult mass?
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Methods
Experimental design
In order to assess how temperature alters the efficacy of terpene defenses, controlled
experiments were performed manipulating both temperature and dietary terpene concentration
and recording mortality and developmental responses of V. cardui. Individual insects were reared
from eggs (Carolina Biological Supply Company, Burlington, NC), in individual 1.25 ounce
plastic cups (Frontier Agricultural Sciences, Newark, DE) on optimized artificial V. cardui diet
(Frontier Agricultural Sciences, Newark, DE). We chose commercially sourced V. cardui to
avoid drawbacks such as presence of disease and limited abundance that are often experienced
when using field sourced specimens (Kelly & Debinski, 1999). This diet was adulterated with
one of four selected terpenes at ten concentrations informed by preliminary data, including a
control with no terpenes present. To adequately represent a cross-section of terpene diversity,
four terpenes belonging to different structural subclasses were tested: D-limonene (cyclic
monoterpene, CAS# 5989-27-5), 1,8-cineole (cyclic monoterpene ether, CAS# 470-82-6),
linalool (acyclic monoterpene alcohol, CAS# 78-70-6), and beta-caryophyllene (bicyclic
sesquiterpene, CAS# 87-44-5). Each terpene was incorporated into diet at 10 different
concentrations each (Table 1). Diet was prepared 4-7 days prior to insect placement by making
Half a liter of treatment (e.g. limonene, control) and distributing approximately 0.6 ounces into
each cup (i.e. slightly over half of the cup) then stored at 4C with sealed lids. Insects were
reared in climate-controlled incubators for the duration of their life cycle at a 12-hour
photoperiod and three different temperatures, 24C, 27C and 30C, to represent the upper
threshold, lower threshold, and median temperature at which V. cardui is expected to complete
its life cycle (Pakyari et al. 2019) (Poston et al, 1977). A single trial consisted of a total of 400
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individuals - four terpenes at ten dosages with ten replicate insects at each dosage – reared from
egg to adult at a single temperature. Two replicate trials were performed at each temperature, for
a total of six trials. The focal response variables were rate of hatching failure, larval mortality,
pupa mortality, adult mortality, development time from hatching to pupation and emergence, and
adult dry biomass.

Specimen rearing and scoring procedures
Specimens were reared from eggs, three of which were placed in each cup containing diet
of a specified treatment. For each cup, 3 eggs were placed onto wax paper to separate them from
the surface of the diet, otherwise hatching could not occur. Once eggs were placed on respective
diets, a two-plied tissue was placed between the cup opening and lid to facilitate smooth pupa
transferring from cup to larger nets. At this point 8 small airholes holes were made on the lid of
each cup. To maintain optimum diet moisture, beginning the second week of the trial, 40 l of
water was added to the surface of diets.
Once hatching occurred (typically 1-2 days after arrival) additional larvae were removed
along with the residing wax paper so only one caterpillar remained in each cup. Once larvae
were large enough to handle without causing damage (7-10 days), additional larvae from control
groups were placed on treatment diets in which no hatching occurred in order to account for
terpene toxicity post hatching. Mortality and stage development were recorded every other day.
Larval death was assumed if larvae were unresponsive to physical stimulus (lightly prodded with
clean paintbrush) and was unable to maintain surface attachment. If a specimen began chrysalis
formation but was unable to complete pupal development to the extent emergence was
biologically impossible, the specimen was determined to have died in the pupal stage. If the
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specimen did form a functional chrysalis but did not emergence more than two weeks post last
observed emergence, it was also considered a pupal death. Adults with severely deformed or
folded wings and were unable to fly were considered adult deaths and excluded from adult
biomass analysis.

Statistical analysis
Linear mixed models with random correlated slopes and intercepts were run for the
continuous traits (time to pupation, time to emergence, and adult dry mass). Generalized linear
mixed model with random uncorrelated slopes and intercepts were run for binary traits (hatchling
failure and cumulative mortality for larva, pupa, and adults) using a binomial distribution with a
logit link. All mixed effects models were run in the R package lme4 (Bates et al., 2015). For all
traits, temperature (categorical), dose (continuous), and their interaction were all treated as fixed
effects, whereas run was treated as a random effect. Fixed effects were resampled 10,000 times
using the mvrnorm function in the MASS package (Venables and Ripley, 2002), and 95%
confidence intervals were computed using the PI function (prob=0.95) in the rethinking package
(McElreath, 2020). To contrast fixed effects coefficients (e.g., comparisons of slope at 24C vs
27C for limonene) as well as LD50s for binomial data, the mean and standard deviation of each
contrast was computed from the resampled fixed effects.
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Results
Terpene toxicity
Mortality of specimens at all life stages, from egg to adult, were compared by creating
lethal median dose curves, LD50s, at each temperature (Table 1). Mortality was calculated
cumulatively, so proportion of death in adults included larval and pupal deaths. Instances of egg
hatching failure were not considered in following mortality analysis since additional larvae were
transferred onto control treatments were transferred onto egg inhibiting diets. Significant
differences between the toxicity of a single compound at two different temperatures were
determined from p-values yielded from z-test.
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Hatching
Betacaryophyllene

Larval
Pupal
Adult
Hatching
Larval

Cineole

Pupal
Adult
Hatching
Larval

Limonene
Pupal
Adult
Hatching
Larval
Linalool
Pupal
Adult

Lethal Median Dose (w/w%)
24C
27C
30C
-5.05
5.06
-6.73
(−)
(3.05−15.09)
(−)
1.31
2.77
1.21
(0.88−2.27)
(1.64−7.74)
(0.75−2.04)
0.59
1.43
0.38
(0.20−1.12)
(0.54−4.32)
(-0.081−0.79)
0.20
0.072
0.10
(-0.056−1.12)
(-1.28−1.62)
(-0.15−0.33)
0.47
0.53
2.15
(0.36−0.60)
(0.36−0.71)
(1.77−2.62)
5.62
4.84
3.47
(2.92−23.46)
(2.28−22.85)
(1.81−9.98)
2.99
2.72
0.69
(1.76−8.83)
(-6.15−17.37)
(0.42−1.03)
0.80
0.42
0.30
(-0.062−2.39)
(-0.32−1.15)
(0.16−0.44)
1.19
7.93
4.93
(-0.92−1.60)
(75.60−92.89)
(2.58−19.62)
7.07
1.63
2.37
(−)
(0.70−3.15)
(0.80−7.2)
1.94
0.43
0.61
(−)
(0.31−0.57)
(-0.28−2.74)
0.72
0.24
0.43
(0.33−2.56)
(0.16−0.33)
(0.032−1.08)
0.057
0.33
1.71
(0.039−0.079)
(0.17−0.53)
(−)
2.07
1.73
0.86
(1.40−3.22)
(1.19−2.82)
(0.57−1.56)
1.29
0.81
0.35
(0.91−1.89)
(0.60−1.20)
(0.22−0.56)
0.48
0.23
0.10
(0.26−0.76)
(0.15−0.33)
(0.05−0.18)

Table 1. Lethal Median Doses (LD50s) of beta-caryophyllene, cineole, limonene, linalool at 24C, 27C, and 30C. 95%
confidence intervals in parenthesis. Confidence intervals that failed to converge are represented by a “ −”.
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All terpenes caused an increase in hatch failure at higher dosages except for betacaryophyllene (Figure 1A) in which instances of hatch failure were irregular and not
significantly affected by temperature. Cineole displayed a significantly higher lethal median dose
at 30C in contrast to the lethal median dose experienced at 24C or 27C (p<0.001), but no
significant difference was observed between 24C and 27C (Figure 1B). Temperature did not
have a significant effect on the toxicity of limonene on eggs, but it follows the pattern previously
observed in cineole treatments of increasingly lower LD50s occurring at lower temperatures
(Figure 1C). Linalool was significantly more toxic at 24C than 27C (p < 0.05), but no other
two temperatures significantly differed (Figure 1D). For all terpenes but beta-caryophyllene,
LD50s decreased, therefore toxicity increased, at lower temperatures.
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A

B

C

D

Figure 1: Median Lethal Dose, LD50 curves of egg hatching failure at 24C, 27C, and 30C subject to varying dosages A) betacaryophyllene B) cineole C) limonene D) linalool.
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The toxicity of beta-caryophyllene (Figure 2A), cineole (Figure 2B), and limonene
(Figure 2C) to specimens in the larval stage did not vary significantly with temperature. The only
treatment in which temperature significantly interacted was linalool which was significantly
more toxic (p < 0.05) at 24C than 30C.

A

B

C

D

Figure 2: Median Lethal Dose, LD50 curves of larval mortality at 24C, 27C, and 30C subject to varying dosages A) betacaryophyllene B) cineole C) limonene D) linalool.
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Similar to the toxic effects displayed in the larval stage, beta-caryophyllene (Figure 3A),
cineole (Figure 3B), and limonene (Figure 3C) in the pupal stage did not vary significantly
with temperature. Linalool was significantly more toxic (p < 0.05) at 30C than both 24C and
27C (Figure 3D).

A

B

C

D

Figure 3: Median Lethal Dose, LD50 curves of pupal mortality at 24C, 27C, and 30C subject to varying dosages A) betacaryophyllene B) cineole C) limonene D) linalool.
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Adult mortality reflects the cumulative death experienced in treatments. Adult mortality
was not significantly affected by temperature in beta-caryophyllene (Figure 4A), cineole (Figure
4B), and limonene (Figure 4C). Linalool curves were significantly different at 24C and 30C (p
< 0.05) while the difference in curves at 24C while the curve at 27C was intermediate (Figure
4D).

A

B

C

D

Figure 4: Median Lethal Dose, LD50 curves of adult mortality at 24C, 27C, and 30C subject to varying dosages A) betacaryophyllene B) cineole C) limonene D) linalool
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Developmental timing
The number of days to pupation and number of days to emergence were plotted against
the dosage of respective terpene. The dose versus time slopes were compared at each
temperature, where a significant difference in the slope was tested for significance. A significant
difference in the slope of two temperatures would indicate an interactive effect of terpene dose at
those temperatures. The effect of temperature irrespective of dosage was evaluated by comparing
y-intercepts (Table 1). The time to pupation and emergence for all control specimens were
significantly different (p < 0.05) when comparing temperatures except for those in the linalool
groups when contrasting 27C and 30C.
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Slope
Pupation
Intercept

Betacaryophyllene

Slope
Emergence
Intercept
Slope
Pupation
Intercept

Cineole
Slope
Emergence
Intercept
Slope
Pupation
Intercept
Limonene
Slope
Emergence
Intercept
Slope
Pupation
Intercept
Linalool
Slope
Emergence
Intercept

24C
4.10
(2.38−5.88)
18.77
(17.60−19.95)
3.28
(2.25−4.30)
28.20
(26.87−29.52)
0.87
(-0.45−2.15)
18.99
(17.63−20.36)
0.39
(-0.28−1.08)
28.14
(26.62−29.71)
0.80
(0.08−1.73)
18.43
(16.79−20.03)
0.55
(-2.53−3.79)
27.33
(25.77−28.96)
3.03
(-0.92−7.14)
18.68
(17.27−20.09)
3.03
(-2.28−8.41)
27.56
(25.88−29.23)

27C
2.49
(0.97−4.03)
13.87
(12.67−15.07)
0.50
(-0.24–1.22)
23.59
(22.31−24.89)
1.46
(0.15−2.76)
16.75
(15.38 −18.14)
0.84
(0.17−1.50)
24.04
(22.50−25.65)
3.89
(2.79−4.94)
13.30
(11.61−15.05)
6.35
(2.85−9.80)
23.51
(21.84−25.21)
9.00
(4.82−13.24)
14.84
(13.42−16.26)
9.91
(4.56−15.37)
22.68
(20.98−24.34)

30C
3.03
(1.35−4.74)
11.73
(10.37−13.05)
0.78
(-0.12−1.77)
20.88
(19.49−22.27)
0.10
(-1.18−1.39)
11.19
(9.86−12.61)
-0.18
(-1.03−0.69)
19.71
(18.14−21.3)
1.03
(0.028−2.02)
12.57
(10.80−14.33)
0.31
(-2.84−3.50)
21.34
(19.68−23.0)
2.07
(-2.32−6.49)
11.88
(10.49−13.26)
3.29
(-2.22−8.85)
20.22
(18.57−21.90)

Table 2. Slopes and intercepts of development time versus dose at 24C, 27C, and 30C of beta-caryophyllene, cineole,
limonene, linalool. 95% confidence intervals in parenthesis.

The slope and 95% confidence intervals yielded from dose versus days to pupation data
were compared to detect interactive effects between dose and temperature. While time to
complete pupation increased with terpene dosage at all temperatures, a significant difference in
the slope of dose versus pupation time was only observed in limonene (Figure 5C) and linalool
(Figure 5D) groups between 24C and 27C, as well as 27C and 30C (p < 0.05).
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A

B

C

D

Figure 5. Days to pupation versus dose at 24C, 27C, and 30C of A) beta-caryophyllene B) cineole C) limonene D) linalool.

19

As previously observed in pupal development time, time to adult emergence was
extended by increased terpene dosage. Beta-caryophyllene treatments revealed significant
interactive effects (p < 0.05) between dose and temperature when comparing 24C with both
27C and 30C (Figure 6A). Limonene displayed significant interactions between dose and
temperature when comparing 27C with both 24C and 30C (Figure 6C).

A

B

C

D

Figure 6. Days to adult emergence versus dose at 24C, 27C, and 30C of A) beta-caryophyllene B) cineole C) limonene D)
linalool.
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Adult mass
When comparing the effect of temperature irrespective of terpene dosages, only limonene
control groups were significantly affected. Specimens reared at 27C had the greatest adult mass,
30C the least, and 24C an intermediate. Cineole control groups followed a similar trend but
were not significant. Generally, as dosage increased, body mass decreased (Figure 7). This
pattern was not significantly altered at different temperatures.
A

B

C

D

Figure 11. Dry mass of adults reared at 24C, 27C, and 30C on diets treated with various dosages of A) beta-caryophyllene B)
cineole C) limonene D) linalool
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Discussion

Impacts of temperature on the efficacy of terpene defense
A variable range of terpene toxicity was observed at different temperatures which
supports the hypothesis that temperature does impact terpene efficacy as a chemical defense. The
shifting of maximum terpene toxicity at different temperatures suggests that at different
temperatures, plants may need to produce different levels of terpenes to achieve optimal defense
against V. cardui. All four compounds displayed the greatest median lethal dose at 24C,
meaning higher concentrations were necessary to achieve 50% mortality. This evidence suggests
terpenes may be less toxic at lower temperatures, so plants would have to produce a substantial
higher concentration in colder seasons or climates in order to achieve the same level of defense it
would have in warmer climates. Terpene production in plants have generally been found to
increase under higher temperatures which could add to the effects of increased terpene toxicity at
higher temperatures (Zvereva, 2006). Plant nutritional quality, usually indicated by C:N ratio,
has been shown to decrease under higher CO2 levels at ambient and elevated temperatures
necessitating herbivores to consume more plant tissue in order to reach nutritional needs, but no
significant fluctuations in nutritional quality has been observed under increased temperatures at
ambient CO2 levels. Terpene production is not altered by CO2 elevation alone but is increased
when temperature and CO2 are elevated simultaneously (Zvereva, 2006). It is unclear how future
climatic conditions will impact herbivory, specifically of V.cardui, but it can be expected that
plant terpene production will increase and as this study suggests so could terpene toxicity per
unit concentration.
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Lepidopteran egg deposition has been shown to induce a number of plant defenses
responses, including terpene production (Bertea, 2020). Our results indicate that terpene
concentration has a considerable influence on egg hatching as hatch rate was significantly
affected by dosage of three of the four terpenes tested. Eggs exclusively experience volatiles as
an atmospheric gas, so it was expected hatch failure would occur more often at higher
temperatures due to increased volatilization rates. Since that is not the case, perhaps there is a
temperature dependent threshold in which eggs are able overcome the effects of noxious terpenes
or not. The tendency of terpenes to be more toxic to eggs at lower temperatures opposes the
pattern observed in larval, pupal and adult stages which were more affected by terpenes at higher
temperatures. This could imply that the stage of life in which herbivores experience peak
vulnerability is highly influenced by temperature.
It is typical of ectotherms to experience a shorter development time in warmer
environmental conditions; however, differential responses were observed upon the introduction
of terpenes. Terpenes may serve a dual role by not only causing direct mortality, but also by
extending development time at a population level. Accelerated development time implies the
possibility of more herbivore generations per active season would considerably further the
amount of tissue damage experienced by host plants. By producing terpenes, plants may prevent
this imposing generational pressure by slowing down the development of their attackers.
We observed the optimum growing temperature for greatest adult mass to occur at the
intermediate temperature 27C for three out of the four terpenes. At this temperature terpenes
generally displayed increased dietary toxicity and egg hatching deterrence relative to other
temperatures, so it is possible the higher adult mass is a reflection of an optimal development
time. Although higher temperatures lead to quicker development, perhaps there is an advantage
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to having more time as larvae to feed and accumulate mass. If V. cardui specimens are able to
surmount heightened adverse hatching effects and toxicity at high to moderate temperatures, they
may be able to achieve a greater adult mass and experience greater reproductive success.
Although patterns exist, the data does not display total uniformity which could be a result of
possible gradient effects experienced in rearing chambers but remains undetermined. Given this
analysis only takes into account viable adults, it is also likely that the higher number of lower
dose points weights the model, preventing a dose effect from being properly visualized.

Plant seasonality in chemical defense investment
Many plant species have been shown to have seasonal variation in defense investment
(Koricheva, 2010; Karolewski et al. 2013; Mason et al. 2020). Increased production of
monoterpenes and sesquiterpenes have been observed to occur in spring and summer which
could possibly be a response to either biotic or abiotic conditions (Vallet et al. 2005; Figueirido
et al 2008; Amaral et al. 2015). In this study, terpenes were revealed to be more toxic towards a
generalist herbivore at higher temperatures which suggests during warm seasons plants may be
dually defended by increased potency of chemical defenses and their increased production.

Consequences for natural and agricultural systems under global climate change
Our results suggest that under increased warming and CO2 emissions, plant tissues may
be better defended against pests due to increased terpene potency and production. Although this
seemingly bodes well for the agricultural industry, the benefits of increased temperature may be
counteracted by increased pest voltinism. However, plant chemical defenses may be able to slow
pest development and interfere with adult vitality. This developmental delay may reduce the
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severity of outbreaks but as the results suggest, dosage induced development delays are
weakened at higher temperatures. Insects are also expected to experience compensatory eating as
increased warming and CO2 emissions increase leaf carbohydrate content while decreasing
nitrogen content, which also benefits plants in terms of deterring herbivores. Conversely, insects
may have an advantage over plants due to the possibility of rapid development leading to
increased voltinism giving them more capacity to adapt to new pressures than plants do, thus
opening possibilities of speculation into future developments of the plant-insect evolutionary
arms race.
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Conclusion
Plant-insect interactions are commonly mediated by plant produced volatiles with a
myriad of ecological functions. In order to properly test the effects of terpenes on our model
herbivore, it was imperative to incorporate temperature since it had been identified as the most
influential abiotic factor on the survival and development of herbivorous insects to elucidate an
existing relationship between plant chemical defenses and abiotic factors. Our results show that
not only do terpenes directly deter herbivory as a toxin, but also slow development. This
developmental component of chemical defense becomes increasingly important at higher
temperatures when life cycles are accelerated, and additional herbivore generations become
possible. Terpenes included in this study displayed a profound ability to prevent eggs from
hatching into feeding larvae, a valuable response that prevents plants from ever being subject to
herbivore induced tissue damage. Eggs were more vulnerable to terpenes at higher temperatures
which has the potential to counteract terpene’s weakened larval toxicity at higher temperatures.
Specimens that did survive to adulthood and were free of deformities tended to have a greater
mass at intermediate temperatures, suggesting this could be a growth optimum for V. cardui.
Adult mass is an important consideration because it indicates how well individuals will be able
to reproduce. By producing terpenes, plants may have the ability to combat increased
generational herbivory predicted in future climate conditions.
Tactics used by plants to deter herbivores takes many forms and is highly specific.
Although this study focused on the effects of a relatively small array of commonly produced
terpenes on a single herbivore, patterns of temperature dependent toxicity were elucidated. From
this study it is clear that the influence of temperature on insect survival and development extends
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to their interactions with plant defense compounds. Therefore, temperature should be an essential
consideration in modeling plant-insect interactions under climate change.
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